Background:
INTRODUCTION
Systemic lupus erythematosus (SLE) is an autoimmune disease affecting mainly women and characterized by alternating periods of disease activity (flares) and remission. Incidence in the US is approximately 5.5 to 7 per 100,000 person-years and prevalence is 73 to 92 per 100,000 person-years [1, 2] . SLE manifests at an earlier age and is more frequent and aggressive in African-Americans and Hispanics than in Caucasians [2 -4] . Symptoms of lupus, especially in the initial stages of the disease, are often non-specific and may occur also in patients with other connective tissue diseases (CTDs) [5] , making differential diagnosis challenging [6] . SLE classification criteria have been developed by the American College of Rheumatology (ACR) and the Systemic Lupus International Classification Clinics (SLICC) [7 -9] and include clinical and immunological features of SLE. Although non-specific symptoms of SLE, such as fatigue, fever, weight loss, arthralgia, and myalgia [10] are excluded from classification criteria, many features of SLE may be subjective and difficult to assess. In addition, these instruments have not been validated for diagnostic purposes [11, 12] .
In clinical practice, the diagnosis of SLE remains particularly challenging because the disease is heterogeneous, and because symptoms are often subjective and mimic those of other diseases [10, 11] . The real-word "gold-standard" for diagnosis of SLE is the physician's diagnosis [13, 14] , which could take time and may be unreliable. SLE is a frequent diagnosis (20-60%) in patients who evolve over time from undifferentiated CTD to a specific CTD [6] , however it may take several years for a definitive diagnosis to be made [15, 16] . On the other hand, early diagnosis and targeted and timely therapy may prevent flares and late organ damage [17] , improve quality of life [18] , and decrease healthcare utilization and costs [19 -21] .
The Avise Lupus test incorporates the levels of autoantibodies and of Exagen's proprietary biomarkers, EC4d and BC4d, into a 2-tiered method ( Fig. 1) [30] . Patients are considered tier 1 positive if titer of specific autoantibodies is above cut-off (anti-dsDNA > 301 units and positivity is confirmed by the Crithidia luciliae immunofluorescence test, or anti-Smith > 10 units), or if CB-CAPs are strongly positive (EC4d > 75 units or BC4d > 200 units). If tier 1 is negative, an algorithm that takes into account the levels of ANA, EC4d, BC4d, and the specificity component is calculated [30] . The specificity component is represented by autoantibodies associated with diseases other than SLE, i.e., antibodies to MCV, SS-B/La, CENP, Jo-1, and Scl-70. The specificity component is assigned a value of 0 in the algorithm if all these antibodies are negative (≤ 10 units) and a value of 1 if any of these antibodies is positive (> 10 units). The 2-tiered method has high sensitivity and specificity in differentiating patients diagnosed with SLE based on the ACR classification criteria, including childhood onset SLE [31] , from patients diagnosed with other CTDs [30] or fibromyalgia [32] .
The present study is a retrospective chart review to evaluate whether the test, in combination with clinical features, aids the differential and early diagnosis of SLE -and, consequently, timely therapeutic intervention and improved prognosis -in patients treated by community rheumatologists.
METHODS
This study is a retrospective case-control study that required review of patients' medical records by the treating rheumatologists. The study was approved by a central Institutional Review Board; because no patient visits were necessary, and risk to patients was minimal, a waiver of informed consent was granted.
Selection of Patients
Patients were selected by Exagen on the basis of the results of the Avise Lupus test conducted as described [30] In addition to the diagnostic challenges outlined above, there are limitations with standard-of-care diagnostic immunology tests [10] ; anti-nuclear antibodies (ANA) have high diagnostic sensitivity but high false positivity rate among healthy individuals [22, 23] , while antibodies to double-stranded DNA (anti-dsDNA) and/or to Smith antigen (anti-Smith) [24] have low sensitivity and are negative in many SLE patients [25, 26] . Although low levels of complement proteins C3 and C4 may be an indication of ongoing inflammation in SLE and have been incorporated in the SLICC classification criteria [9] , measurement of C3 and C4 per se has several drawbacks, including low sensitivity, high inter-subject variability, and increased synthesis during inflammation to compensate for increased consumption [26, 27] . Complement activation results in the formation of complement activation products that bind covalently to blood cells [11, 28, 29] . The performance characteristics of these cell-bound complement activation products (CB-CAPs) have recently been validated in a prospective multicenter clinical study [30] that showed that elevated B lymphocyte complement 4 derived ligand (BC4d) or erythrocyte complement 4 derived ligand (EC4d) have 22% higher sensitivity than low complement for the diagnosis of SLE.
between February and December 2014. As SLE affects mainly females, females 18 years and older at the time the test was performed were included; males were not included in this study to avoid a possible gender imbalance between cases and controls. Patient selection was carried out with the intent of identifying patients for whom a differential diagnosis, based on their immunological profile, may be challenging. In fact, all patients selected for the study were ANA positive by enzyme-linked immunosorbent assay, but negative for biomarkers specific for SLE: all patients had anti-dsDNA ≤ 301 units and anti-Smith ≤ 10 units. In addition, all patients were negative for the specificity component of the test (anti-MCV, anti-SS-B/La, anti-CENP, anti-Jo-1, anti-Scl-70 all negative: ≤ 10 units). Cases are defined as having a positive result for the Avise Lupus test (tier 1 positive or tier 2 index between 0.5 and 5), while controls had a negative test result (tier 1 negative and tier 2 index between -0.5 and -5) [30] . Patients with an index score between -0.5 and 0.5 were not selected for the study as this interval is borderline negative or positive, and provides lower confidence in the clinical interpretation of the test result. Less than 5% of the patients for whom the Avise Lupus test was conducted between February and December 2014 met the rigorous selection criteria described above for cases. To avoid selection bias, each case was matched with a control from the same clinic and with the same ANA level (≥ 20-60 or > 60 units). The selection of controls based on these requirements further decreased the number of patients who could be included in the study; 41 pairs of cases and controls -for a total of 82 patients -were identified for the study, representing approximately 0.3% of the initial pool of patients.
Study Design
The rheumatologists who participated in the study were asked to review medical charts of patients they suspected had SLE, but for whom they had not made a definite diagnosis prior to ordering the test, and to exclude patients who they had treated with immunosuppressants (methotrexate, anti-TNFs, belimumab, mycophenolate mofetil, azathioprine, cyclophosphamide) or high doses of corticosteroids (e.g. prednisone > 7.5 mg per day) prior to ordering the test.
Investigators, who were not blinded to the results of the test, reviewed all the medical charts during the observation period, which started with the baseline visit (Time 0 [T0]), defined as the visit when the results of the Avise Lupus test became available. Two Case Report Forms per patient were completed: at T0, and at Time 1 (T1), defined as the time when the chart review was performed. The interval between T0 and T1 was approximately 1 year, and at least 1 visit in the rheumatologist office occurred during this time.
Investigators recorded features of SLE according to the ACR [8] or SLICC criteria [9] at T0 and at T1. They also indicated at both time points what diagnosis they made, based on their clinical expertise, and medications; in addition, they indicated at T1 whether the patient experienced flares between T0 and T1.
Statistical Analysis
For all 2x2 contingency tables, the statistical significance of differences was assessed using the Fisher's exact test. For all paired two sample comparisons, differences in biomarker values for the two paired samples were assessed using a Wilcoxon signed rank test.
RESULTS
The study sample consisted of a total of 46 patients whose charts were reviewed between May and July 2015 by 10 rheumatologists. Although a total of 41 pairs of patients were identified for this period -as T0 was approximately 1 year earlier -23 pairs were actually completed (56%). The remaining 18 pairs could not be included in the study; the most common reason for exclusion was that 1 of the patients in the pair did not have any follow up visits, or had less than 9 months of follow up. All patients selected for the study were females and had similar demographic and clinical characteristics ( Table 1) . Most patients had arthritis (tender and/or swollen joints); other common features of SLE (photosensitivity, malar rash, and ulcers) were more prevalent amongst cases than controls ( Table 1) . Values are the number (percentage) of cases and controls within a category. T0: visit when the results of the Avise Lupus test became available.
As indicated under Methods, all cases were Avise Lupus test positive; of these, 4 were tier 1 positive [30] because either EC4d or BC4d were strongly positive. Twenty of the 23 cases (87%) were diagnosed by the investigator with SLE at T0 (n=17) or between T0 and T1 (n=3). Of the 3 cases diagnosed with SLE after T0, 1 was tier 1 positive; of the 3 cases not diagnosed with SLE, 1 of them was tier 1 positive. One of the 3 cases not diagnosed with SLE presented with photosensitivity and ulcers; the other 2 did not present with clinical features of SLE. All cases with a diagnosis of SLE at T0 had the same diagnosis at T1.
The majority (n=19) of controls had a diagnosis different from SLE, or no diagnosis; the negative Avise Lupus test result was overruled for only 4 controls, who were diagnosed with SLE during the study period (3 at T0 and 1 after T0). The controls diagnosed with SLE at T0 had the same diagnosis at T1. Interestingly, only 1 case (4%) vs. 7 controls (30%) did not get any definite diagnosis during the study period.
The Avise Lupus test had excellent performance characteristics, as compared to the physician's diagnosis, with sensitivity of 83.3%, specificity of 86.4%, positive predictive value of 87.0%, and negative predictive value of 82.6% (positive likelihood ratio: 6.125 and negative likelihood ratio: 0.19).
Fulfillment of 4 ACR classification criteria of SLE is considered the gold-standard in SLE research. A higher percentage of cases met the ACR classification criteria at T0 than controls (10 cases (43%) vs. 4 controls (17%)). On average, the ACR score at T0 was higher in cases than controls (2.9 vs. 2.3, respectively, p=0.044). The 10 cases who met the ACR classification criteria of SLE were all diagnosed with SLE: 9 at T0 and 1 after T0, when the patient developed a fifth feature. Only 4 controls (17%) met the same classification criteria, however none of them was diagnosed with SLE. The difference in sensitivity between the ACR score and the Avise Lupus test was highly significant (p=0.006) ( Table 2) . Some immunological features that are part of the SLICC classification criteria (in particular, complement and Coomb's test) were often indicated as "not evaluated" by the rheumatologists, precluding the calculation of the SLICC score.
A higher percentage of patients who met the ACR criteria had EC4d above the cutoff value of 14 mean fluorescence intensity units, compared to patients who did not meet the ACR criteria (43% vs. 22%). A similar trend was observed for BC4d, although difference did not reach statistical significance. This data is in agreement with a previous study where diagnosis of SLE was based on fulfillment of the ACR criteria [30] .
Corticosteroids (prednisone and methylprednisolone), methotrexate, and hydroxychloroquine were more utilized in cases than in controls at T0 (p=0.002) ( Table 3 ) and throughout the study; in fact, difference in the use of these medications was observed also when combining data at T0 and T1 (data not shown). SLE-related flares were reported for 6 cases (6/23, 26%) between T0 and T1, and were of mild or moderate severity. Cases who experienced flares had higher EC4d than cases who did not (n=17) (p=0.0499) (Fig. 2) . Although AfricanAmericans and Hispanics were the minority of cases (9/23, 39%), they were the majority of cases who experienced flares (4/6, 67%).
DISCUSSION
Diagnostic tests for SLE that measure autoantibodies (ANA, anti-dsDNA, and anti-Smith) and complement proteins have low sensitivity or specificity [22 -25] . The Avise Lupus test was developed to address these limitations: by incorporating objective measurement of CB-CAPs and autoantibodies associated with CTDs, validation studies demonstrated that the test has high sensitivity and specificity [30 -32] .
We decided to investigate in this study whether the test aids the diagnosis of SLE in community rheumatology settings. To this end, we selected patients for whom a diagnosis of SLE would be particularly challenging based on standard-of-care tests that measure circulating autoantibodies. In fact, all patients selected for the study were positive for ANA -which has high sensitivity but low specificity [22, 23] -but negative for autoantibodies specific for SLE [24 -26] . Cases were defined as patients with a positive Avise Lupus test result, while controls had a negative test result. To avoid selection bias, each case was matched with a control with the same ANA status (positive or strong positive), and chart reviews were done by the treating rheumatologist only if both patients in a pair could be included in the study. This assured that each investigator reviewed charts of matched cases and controls who had approximately 1 year of history. This interval of time was chosen to evaluate whether new features of SLE manifested, if features that were present at T0 resolved, or if diagnosis changed over time. It should be noted, however, that a period of time of 1 year may be insufficient to evaluate whether new features of SLE presented, as progression from undifferentiated CTD to SLE takes, on average, a longer period of time [15, 16] . In fact, minimal changes in clinical features occurred in our patient population between T0 and T1. Because of the rigorous selection criteria based on immunological characteristics, and because of the steps taken to avoid selection bias, only a small percentage of the entire pool of patients could be selected for this study. In addition, approximately 40% of the selected pairs could not be included in the study, mainly because 1 of the 2 patients did not have sufficient follow up. This suggests that the remaining patients might have been more involved in their healthcare, or were otherwise more motivated to continue to see their rheumatologist. It is unlikely that the patients included in the study were sicker, because the average physician's global assessment was medium/low (1.36±0.77 on a scale 0-3) for the 18 patients (15 cases and 3 controls) for whom the value was provided at T0 (data not shown). Although the observation that our patient population had features of SLE commonly observed in patients with early or established disease [1, 3, 15] indicates that the patients in our study are a good representation of SLE patients encountered in clinical practice, it is unclear whether the results of this study can be extrapolated to the general population of patients in community rheumatology clinics. The majority of patients (20/23, 87%; 17 at T0, and 3 after T0) with a positive test result (cases) had a diagnosis of SLE, while the majority of controls (19/23, 83%) did not get this diagnosis. Thus, the test has excellent performance characteristics: sensitivity of 83.3%, specificity of 86.4%, positive predictive value of 87.0%, negative predictive value of 82.6%, positive likelihood ratio of 6.125, and negative likelihood ratio of 0.19. As none of the SLE diagnosis given at T0 was changed to a non-SLE diagnosis afterwards, our data suggest that a positive test result helped the rheumatologists assign a definite diagnosis of SLE early on, and that confidence in the initial diagnosis was high. In addition, the test was able to predict a SLE diagnosis in the 3 cases who were diagnosed after T0.
A higher percentage of cases than controls was treated with corticosteroids or anti-rheumatic medications (methotrexate and hydroxychloroquine), consistent with the hypothesis that a diagnosis of SLE led to a more aggressive and targeted treatment, possibly improving patient outcome over time [17 -19] .
A higher percentage of cases met the ACR classification criteria than controls and the average ACR score was higher in cases than controls demonstrating, as expected, that the Avise Lupus test parallels the ACR score. Interestingly, all cases who met the ACR classification criteria of SLE (10/23, 43%) were diagnosed with SLE. On the contrary, only 4 controls (17%) met the same classification criteria, and none of them was diagnosed with SLE. The ACR classification criteria had low sensitivity in our study, strongly suggesting that classification criteria are not widely used in clinical practice to make a diagnosis of SLE in early lupus [12] . In addition, it is well accepted that some features of SLE are often subjective or overlapping, and that more objective tools are required to make an accurate and timely diagnosis. Our study suggests that the Avise Lupus test could represent such tool as it has higher sensitivity and specificity than the ACR score; the difference in sensitivity (83.3% vs. 41.7%) was highly significant (p=0.006). The ACR score has been reported to have higher sensitivity than what we observed [9] ; different patient populations and investigators, and different use of the classification criteria may explain this difference. Although the SLICC criteria could represent an advantage for the diagnosis of SLE [13, 14] , SLICC criteria are not diagnostic criteria, either. In addition, we could not calculate a SLICC score for many patients because of missing data, as some features necessary for the calculation of the SLICC score were not evaluated by the rheumatologists. Taken together, these findings confirm the limited utility of classification criteria in clinical practice.
Although it is unclear, from our study, what led to a diagnosis of SLE in the absence of fulfillment of classification criteria, it is well accepted that rheumatologists take into account symptoms that are somewhat non-specific, e.g. fatigue, fever, weight loss, arthralgia and myalgia, or Raynaud's phenomenon [10] : it is possible that some of these symptoms were present in our patient population and were taken into account for the physician diagnosis, although were not recorded for the purpose of this study.
We observed that a higher percentage of patients who met the ACR criteria had elevated CB-CAPs compared to the percentage of patients who did not. This finding indicates that previous data [30, 32] that showed elevated CB-CAPs in patients who fulfilled the ACR criteria for SLE hold true in community rheumatology settings where diagnosis is not necessarily based on classification criteria. Interestingly, 6 cases, all diagnosed with SLE at T0, experienced a mild to moderate flare based on the investigators' assessment. Cases with a flare had higher EC4d at T0 than cases who did not have a flare. Several studies have attempted to identify predictors of flares in patients with SLE [26, 33, 34] . A recent study found that low baseline C3 levels predict severe flares in a large patient population [33] , and another demonstrated that EC3d and EC4d parallel SLE disease activity [27] , supporting our findings. Although African-Americans were a minority in the overall case population, they were the majority of cases with flares, consistent with the fact that SLE is more aggressive in AfricanAmericans than whites [1 -4] .
Our study has limitations, including its retrospective nature, the small number of patients, and the fact that it is uncertain whether only patients not previously diagnosed with a particular condition by the investigators were included. It cannot be excluded that a selection bias existed on the part of the physician based on his or her concern for lupus, and the ability of the patient or health insurance to pay for the test. In addition, investigators were not blinded to the results of the test and a diagnostic review bias cannot be excluded. Nonetheless, this bias was limited, as apparent by the following observations: i) In a small but significant number of patients, the investigators overruled the Avise Lupus test results, for both cases (3/23, 13%) and controls (4/23, 17%), even when test results were strongly positive (tier 1 positive); ii) Three cases, 1 of whom was strongly positive, did not get any diagnosis at T0 and were diagnosed with SLE later. This indicates that clinical evaluation over time was incorporated in the final diagnosis; iii) In the period of approximately 1 year between T0 and T1, none of the SLE diagnosis was changed, suggesting high confidence in the initial diagnosis; iv) The investigators who completed chart reviews of multiple pairs of patients (5 and 4 pairs) not always made a diagnosis consistent with the test result, indicating limited bias.
The results of this study indicate that the Avise Lupus test, as an objective laboratory test that combines 2 components of complement activation and autoantibodies associated with rheumatic diseases, aids the diagnosis of SLE in patients for whom a diagnosis, based on standard-of-care immunological tests and clinical features, could be difficult. Timely diagnosis impacts patient management, and may prevent late organ damage. Additional studies will be performed to evaluate prospectively the value of the test and of CB-CAPs in establishing a diagnosis of SLE in difficult to diagnose patients, and to evaluate whether the test predicts disease progression over time.
CONCLUSION
This case-control study used rigorous criteria to identify patients for whom a diagnosis of SLE, based on standardof-care immunological tests such as ANA, anti-dsDNA, and anti-Smith, may be difficult. The Avise Lupus test, which measures CB-CAPs and autoantibodies commonly observed in patients with CTDs, showed excellent performance characteristics, as compared to the rheumatologist diagnosis, and had higher sensitivity than the ACR score. These results support earlier findings that CB-CAPs are valuable biomarkers of SLE. Use of anti-rheumatic medications was more prevalent in test positive patients than in patients who had a negative test result, indicating that the Avise Lupus test impacts patient management and may improve outcome. In conclusion, the Avise Lupus test aids in the diagnosis of SLE when immunological and clinical feature of disease, which are often subjective, are insufficient.
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